Introduction
Robots in rehabilitation can be classified as assistive and therapeutic robots. Wearable robots are mainly oriented to assist individuals in performing their activities of daily living [1] , while they have rarely been used as therapeutic robots. The goal of therapeutic robots is training and enhancing the patient capabilities affected by neuro-muscular deterioration, such as: chronic degenerative low back pain, head injury, stroke, peripheral neuropathies and cerebral palsy [2] .
Studies on human's dynamic and static stability are widely used to understand the equilibrium conditions of human body balance. These studies have been used to implement control strategies in humanoids [3, 4] as well as in exoskeletons [5] . To develop a realistic control hypothesis, it is essential to understand how humans perceive balance, as well as the strategies involved in balance training. An analysis about the existing control methods in rehabilitation robots is also needed to understand the level of assistance to be provided. Hence, this section is divided into three subsections: human balance control, robot rehabilitation therapies and strategies for balance training.
Human balance control
Balance is a generic term that relies on the dynamics of body posture with the goal of preventing falls. A degradation of balance control in humans as a result of neuromusculoskeletal disorders is an evident fact, for instance, in patients with spinal cord injury or stroke. Balance training in the presence of external perturbations [6] is considered as one of the important factors in evaluating patient's rehabilitation performance. Balance control can be oriented to achieve either postural or static stability (quiet standing), or dynamic stability in terms of walking. Many researchers have attempted to perturb the human balance system in a large number of ways in order to quantify the human response. Reactive responses can be studied by introducing involuntary or unexpected perturbations. Similarly, to emulate a proactive response of an assistive orthosis we have to deal with voluntarily initiated perturbations. Researchers normally use an inverted pendulum model to validate and analyze strategies for postural stability [7, 8] . Thus referring to the human body, this model acts based on the variable COM (Center of Mass) and the center of pressure (COP). The analytic relation between COP and COM and the horizontal acceleration of COM has been studied using the inverted pendulum model too; i.e. COP-COM is proportional to the horizontal acceleration of the COM in both sagittal and frontal planes. Gage et al. [7] formally evaluated the performance of this model and found that it has similar characteristics to those of the human postural balance taken during a quiet standing posture.
Robotic rehabilitation therapies
Robot based rehabilitation therapies are expanding their levels of assistance. The most familiar therapeutic robot, Lokomat, has been widely accepted as an assistive tool for individuals with Spinal Cord Injury (SCI) and stroke. Lokomat uses impedance control based on a patient-adaptive gait pattern [9] by monitoring the measured position errors as well as the interaction forces between orthosis and patient. A similar approach is employed in interactive gait rehabilitation using the exoskeleton LOPES [10] . LOPES uses an impedance-based approach to perform a bidirectional control in accordance to the interaction between patient and robot: patient-in-charge and robot-in-charge. Another gait and balance therapy device KineAssist has been developed to provide partial body weight support and postural control of the torso [11] . The design of KineAssist provides three degrees of freedom (DoF) for the trunk and prevents the subjects from falling or losing balance. A force-based controller has been used in an Active leg exoskeleton (ALEX ), which executes the desired trajectory based on the forces applied by the user, ensuring safe and effective gait rehabilitation [12] . A 3-DoF therapeutic robot for lower limbs [13] , Physiotherabot, is used to assist patients by continuously monitoring the feedback data (position and forces) and by switching between impedance and trajectory control. The impedance control of this robot manipulator works in combination with a rule-based scheme, consisting of impedance parameters of each joint for specific exercises.
In this work, the main objective is to realize a similar impedance based approach on a wearable robot, but with no external body weight compensation. The lack of a body weight support system complicates the action of the exoskeleton in maintaining balance.
Another challenge is to provide the capability to react to the human-orthosis interaction forces according to the kind of movement, flexion or extension. The next subsection discusses these possible actions and reactions involved in balance training scenarios.
Strategies for balance training
Humans use multiple strategies in order to maintain their equilibrium while standing and walking [2, 7] . A study conducted by Kuo and Zajac [14] , shows the multi joint strategies involved in maintaining a standing posture in the presence of a constraint like blocking the knee movement. Winter et al. [15] demonstrated that the muscles controlling the sway motion along the medial/lateral direction apply a simple spring stiffness control that maintains balance. The motor mechanisms involved in human balance control have been studied and analyzed by Winter et al. [16] . They developed a spring damping balance system the stiffness of which varies according to the oscillations of the inverted pendulum model.
The studies carried out on human balance and the motor strategies involved in maintaining postural stability have paved the way to the design of methods that ensure the right robotic ''Assistanceas-needed''. Thus, the goal of assistive robotic systems is not to override the human control, but to involve the user in the control so as to avoid slacking. Vallery et al. [17] suggested an open loop triggered assistive system to ensure the right robot operation acting only when a loss of equilibrium is detected. This type of open loop assistance avoids instability caused by the lack of synchronization between two active controllers working in combination (human and robot). In this case, they use a variable speed control moment gyroscope to reduce power and torque requirements.
In this work, we analyze a control method that assists the patient in balance training based on previous studies performed on humans [2, 8] . The projection of the COM (COM p ) of the body plays an important role in the control of human balance. The COM p helps to detect the loss of stability and to provide assistance to the patient only when needed. From Section 1.3, we conclude that stiffness based control approaches play an important role in balance control, since a variable stiffness of the joint helps to avoid slacking and an open loop system assures an actuation only when a loss of stability is detected.
Control strategies
Balance control strategies can be analyzed by studying the evolution of the COM and COP of the human body. The efforts required to maintain balance imply the training of muscle activations as well as the coordination of the movement, which also helps the patient to progress towards the walking stage. As mentioned by Winter et al. [2] , a control strategy aiming to ensure postural stability can follow three possible strategies: Ankle, Hip and their combined actuation. These strategies should be adapted according to the magnitude of perturbations. The knee joint is maintained fixed throughout this study, but this does not mean that the knee muscles are inactive [14] . In fact, a knee interaction force is found in all cases, which means that the patient contributes to maintain the joint rigidness.
The control strategy presented in this article is based on the assistance and resistance to be applied on the subject in accordance to the monitored COM p and joint movements. As explained in Section 1.1, two types of perturbations are commonly used to study postural stability in humans. The analysis of internal perturbations is used to determine the limits of stability, by requesting the user to bend up to their stability limits. These internal perturbations depend on the user's movements and the human-orthosis interaction. The internal perturbation analysis thus acts as an initial stage for the posterior analysis of the effects of external perturbations, since the controller uses these learned limits to define a threshold that is used to prevent the subject from falling. In humans, the ankle and hip joint strategies vary in function of the magnitude of the perceived disturbance, and their combined effect varies as a result of the coupled action of the joints.
In this study, we analyze each strategy individually in the presence of human-orthosis interaction.
Ankle strategy
A widely discussed strategy in controlling the movement or maintaining the posture of the body in the anterior/posterior (A/P) direction is the ankle-strategy. This strategy is applied in case of small perturbations affecting posture, due to the action of the ankle muscles to maintain equilibrium and can be evaluated by analyzing the evolution of the center of pressure in postural stability. The role of the ankle joint in postural stability can be studied by maintaining a high stiffness on the hip and knee joints of the exoskeleton. The stiffness of the ankle joint is varied proportionally to its distance to the limits of stability, which have been measured previously for each individual using a Wii platform.
Hip strategy
In humans, when the ankle strategy fails to control posture due to the action of high perturbations, a hip strategy responds by producing a flexion and extension movement. In this strategy, the upper body moves in the direction opposite to the movement of the lower part, thus changing the angular momentum. In order to make the patient proactive in maintaining their equilibrium, the stiffness of the hip joint is reduced. The flexion and extension of the hip movement cause a displacement of the COM, thus ensuring postural stability. In this study, the hip strategy involves the patient maintaining the COM p within the limits of stability based on the values obtained from a sensory platform. If the subject is unable to control its postural stability, or if the posture moves beyond the stability limits, the exoskeleton varies the hip joint's stiffness, thus preventing the subject from proceeding further in the same direction. In this method, subjects are not allowed to move their knee and ankle joints and this helps in studying the individual active response of the hip to a perturbation. By maintaining the knee and ankle joint with high stiffness the hip joint is responsible for maintaining the postural stability, in accordance with the magnitude of perturbation.
Combined strategy
In the combined strategy only the knee joint maintains a high stiffness value and both the hip and ankle are controlled through a variable stiffness, which depends on the stability limits computed in combination with the COM p . The human-orthosis interaction forces are monitored to evaluate the coupled action of the joints. The combination of hip and ankle actions helps to face large perturbations, which may imply different recovery speeds. This method also helps to maintain the COM p within the limits by adequately coordinating the movement of the hip and ankle joints. The stiffness values of the hip and ankle joints are varied independently, in accordance with the movement of the subject.
In this work, an adaptive control strategy has been developed to assist the patient to recover balance when a loss of stability is detected. A wearable exoskeleton, H1, is used to perform this study and a Wii platform is used to obtain the COM p and thus determine the stability limits in the initialization phase (see Sections 3.1 and 3.2). The controller applies a variable stiffness to the joints of the exoskeleton, depending on their position in relation with the stability limits. The exoskeleton provides the joint angles (θ act ) and interaction forces (F int ) as the measured variables to monitor the subject's condition, as shown in Fig. 1 .
In the hip and ankle strategies, the controller limits the stiffness parameter of either the hip or the ankle respectively. In the combined strategy, the controller adapts to the subject's movement and limits the stiffness value by the effect of the hip and ankle decoupled movements. The limit of stability for every joint is obtained from the initial analysis using the human-orthosis interaction and the COM p .
The controller applies a variable stiffness to the joints, which value depends on their positions with respect to the stability limits and it is bounded, within a predefined range K low -K high . To adapt the therapy to the patient conditions, the therapist can define the limits of the free movement of the subject, previous to the robotic intervention, by applying a so called scaling factor (s). This scaling factor, which can be modified based on the subject's recovery progress, reduces the range of movement defined by the joint stability limits, modifying the bounding area defined by K low , K high and θ act , as shown in Fig. 2 . This resulting bounding area ensures stability by limiting the body movement during the external perturbation analysis. As shown in Fig. 2 , a higher scaling factor defines a wider range of free movement and similarly, a small scaling factor restricts this range of free movement.
The stiffness of a joint is defined by three intervals determined by the relation between the actual joint position and then resulting joint limits after applying the scaling factor. Its value is calculated as follows:
if s * θ los < θ act < θ los , then K value is given by the following equation: where K is the stiffness of the joint, s is the scaling factor, θ los is the limit of stability, θ act is the current position of the joint and, K low and K high represent the minimum and maximum stiffness value of the joint respectively.
The terms K low and K high are used to limit the stiffness value of the joints and they are defined heuristically. Since a high stiffness value (>90%) would practically be a position control approach, it is essential to limit this high stiffness in such a way that the subject is able to bring himself to a stable position. Similarly a low stiffness value (<10%) would leave the patient completely free and this would not ensure any postural stability. Hence, after a series of experiments performed with the subjects, the values of K low = 20% and K high = 75% have been chosen as the limits of stiffness to be applied to each joint to ensure stability and to prevent the orthosis or the patient from taking over completely. This K high = 75% is the stiffness value considered in the knee joint for the three control strategies. For the hip and ankle control strategies the ankle and hip joint stiffness is also maintained at K high respectively.
Experimental setup
Five healthy subjects around the age group of 25-35 (height:
1.71 ± 0.08 m, weight: 77.5 ± 5.5 kg) were chosen for this study which involves both male (3) and female (2) candidates. The stability limits for all the subjects were measured individually using an exoskeleton. These limits determine the degree of assistance and resistance to be applied to each individual subject. Since the physical parameters of the subjects differed in a narrow range, their average has been taken as the limits of stability. The experimental architecture in this analytic study consists of two levels of control: high and low level control. The high level control involves a pressure sensor platform (Wii) and the monitoring of the positions and interaction forces of all the joints during the initialization phase. In the execution phase, this high level control is responsible for calculating the required stiffness value in order to obtain a desired behavior. The low level control, embedded in the exoskeleton controller, is responsible for applying the suitable torque to the joints in proportion to the position error and the input stiffness.
Exoskeleton
A wearable 6 DoF (degrees of freedom) lower limb exoskeleton, H1, has been used in this study. The exoskeleton was built in the framework of the Hyper* project. The exoskeleton, shown in Fig. 3 , consists of 6 joints: hip, knee and ankle for each leg, each joint is powered by DC motors coupled with harmonic drive gears. Each joint is endowed with an encoder to measure the angles and the joint links contains a strain gauge to measure the human-orthosis interaction forces. The mechanical structure allows both active and passive movements along the sagittal plane. The exoskeleton control modes are: position or trajectory control, torque control and impedance control. A CAN (Controller area network) bus connects all the exoskeleton elements, both the low and high level controllers. A detailed description of the exoskeleton structure and other parameters involved can be found in [18, 19] . In this work, we have used impedance control with variable stiffness in order to ensure a safe therapeutic experience, following a similar approach to that of human muscles behavior.
Wii platform
The Wii platform is one of the most widely known active virtual devices, which is also used to monitor the patient's COM p in research. The Wii Balance board is a weighing scale that uses Bluetooth technology and contains four pressure sensors which are used to measure the center of balance [20] . In the present work, the Wii platform is used to determine the limits of stability of each individual during the initialization phase. The Wii platform is connected to the high level control to track the COM p values and the support polygon, by which the limits of stability are determined. In this phase, the high level control also monitors the joint angles and interaction forces. The former are used to detect the postural limits and the latter to determine whether an assistive or resistive action is required.
Experimental protocol
The two types of perturbations were applied to each subject following successively the three balance control strategies, explained in Section 2, and their effects were evaluated. Internal perturbations were self-induced by the subjects, making forward and backward movements of the trunk. In the initial phase, the subjects were instructed to reach the maximum flexion angles of their hip and ankle joints, both in the case of individual and their combined effect, by wearing the exoskeleton. These maximum angles were recorded and defined as the limits of stability (θ los ) along with the COM p , obtained using the Wii platform. The interaction forces of each joint were monitored to evaluate the performance of the subject and the exoskeleton. In the execution phase, the exoskeleton generates the external perturbations, by applying an impact torque to the hip joint (10 Nm) and to the ankle joint (5 Nm) at random time instants 't' for both the individual and combined strategies. The motor torque was applied in the forward direction, i.e., flexion in hip joint and plantar-flexion in the ankle joint, as shown in Fig. 4 , emulating the behavior of an exertive force. The subjects were blinded to the time instant and amount of torque being applied, thus preventing them from applying any external forces in advance to stabilize themselves. The number of trials to be performed was decided using the z-test for the normally distributed data. The selected minimum sample number returned a power value of 0.9231, for the combined strategy and 0.8453 and 0.8893 for the ankle and hip strategies respectively. Hence, each subject performed three trials for each strategy and the time instants of torque application were also different for each trial. Since this study involves healthy subjects, the scaling factor for limiting the free movement was defined as 0.9, such as to allow a wide range of movement. The main goal of this analysis is to evaluate the reactive response of the exoskeleton and the recovery time. The reactive response of the exoskeleton prevented the subject from progressing beyond the stability limits or from falling. This response was evaluated by observing the deviation from the stable position, while maintaining the interaction forces within their predefined limits.
Results and discussion
The role of each strategy, as explained in the previous sections, is evaluated here. The internal perturbations, caused by the subject with the upper body motion, alter the inertial parameters between the different links of the body. This change in motion becomes evident as they produce sudden changes of COM p values, which in turn affects the postural stability. The measured change of interaction forces is used to evaluate the existence of perturbations perceived when a loss of stability is produced. Table 1 shows the average limit of stability obtained as a result of the internal perturbation analysis and the resulting interaction forces performed by the subjects. The relation between angles and interaction forces in the presence of internal perturbations in the ankle and hip joints can be studied from Figs. 5 and 6, respectively for a specific individual and session. The interaction forces in the hip joint are found to be lower than those measured in the ankle joint. This difference in magnitude can be due to the effect of the body kinematics, as explained in Section 2.1, since the ankle joint applies higher forces in order to maintain posture, as shown in Fig. 5 . The angles of the ankle joint are quite limited in movement, contrary to what happens in the hip joint, where angles have a wider range of freedom.
The combined effect of both the hip and ankle joints acting in the presence of internal perturbations proves to be an efficient method to achieve postural stability. The interaction forces of each joint show that their movements complement the negative aspects of individual ankle and hip strategies, and this helps to maintain postural stability. In Fig. 7 , the hip joint takes over the control when the ankle joint is approaching its upper limit (i.e. approx. 300 ms). This can be seen by the variation of the hip angles and by the shift of the interaction forces.
With reference to the external perturbations, since the subjects did not know the instant at which the impact torques were applied, they produced an unstable movement. The exoskeleton detects the loss of stability and reacts when necessary. The squared region in Figs. 8-10 indicates the onset of torque application on the joint and the recovery time period. The recovery time for each joint varies depending on the perturbation and also on the subject's movement. In order to explain the context of recovery period and onset of the applied perturbations, one such trial of a subject is presented in which the perturbation was applied. The trajectory of the ankle strategy, in Fig. 8 , demonstrates an unstable movement (1100-1400 ms) which is a response to the perturbation applied at time 1100 ms. The recovery stage appears after 200 ms which prevents the subject from losing stability by increasing stiffness. As explained in the previous sections, the ankle joint is suitable only for small perturbations and this is evident from the big oscillations resulting from the ankle joint trajectories. The measured interaction forces are in a similar range for both the internal and external perturbation analysis, which indicates the response of the ankle joint for the applied impact torque. Fig. 9 shows the hip trajectory movement in the presence of the applied external perturbation at instant 3900 ms. The reactive response of the exoskeleton prevented the subject from reaching their stability limits and the recovery time for this subject was found to be 125 ms. The average recovery time in the ankle strategy was found to be 250 ms (σ = 6.2), whereas the hip joint was able to stabilize itself in a shorter time, 150 ms (σ = 4.08).
In the combined strategy, the hip and ankle joints are perturbed at the same time (400 ms). Since both hip and ankle are in action, the combined effect helps to recover the postural stability. In Fig. 10 , the behavior of the interaction forces at 500 ms shows big oscillations in the ankle joint due to impact torque, whereas the hip joint performs with limited oscillations. After the series of experiments performed, the recovery time is found to be shorter when using a combined strategy (approx. 150-200 ms), thus being able to ensure a better ) - postural stability. The exoskeleton is able to regulate the stiffness of the joints in accordance with the learned stability limits. From the joint limits attained for each strategy, as shown in Table 2 , it is evident that the proposed joint stiffness control of the orthosis prevents the patient from surpassing the stability limits (shown in Table 1 ), thus ensuring postural stability. In comparison with Table 1 , it is noticeable that the interaction forces obtained from the combined strategy are in a similar range. This ensures that no extra efforts are required from the human to maintain postural stability. This comparison demonstrates the adaptation of the exoskeleton and the assistance provided by the same.
Conclusions
Postural balance control is a common rehabilitation therapy for which the use of an exoskeleton offers high benefits. This therapy focuses on moving the ankle or hip separately, fixing the rest of the joints. By using an exoskeleton, we can select to act on any joint individually or in a combined way. The goal of this work was to compare the performance of the orthosis with three different balance control strategies: ankle, hip or combined. The obtained results showed that the reactive responses of the exoskeleton and the recovery time can guarantee stability.
The results demonstrate that the combined action of ankle and hip that humans do for posture stabilization can be also applied to an assistive exoskeleton. This strategy can be applied to deal with any kind of perturbation irrespective of its effect on individual or combined joint actions. The evaluation of the strategy takes into account the interaction forces between the orthosis and the subject. The assistance is provided with a decoupled control mode in order to ensure stability throughout the therapy by acting on both hip and ankle. The interaction forces are smaller in the case of the combined effect and this is due to the coupling effect of the hip and ankle joints. A reduction in the interaction forces also shows a reduction in recovery time. Future works will address the evaluation of real therapies on individuals with spinal cord injury or stroke.
